Background The aim of the present study was to compare the quality of embryos derived from sibling oocytes by in vitro fertilization (IVF) or ICSI. Methods Consecutive patients with a less than 40% fertilization rate in a previous standard IVF cycle or with relative male factor infertility were recruited for the study. The oocytes retrieved from each patient were divided into two groups for either conventional insemination (group A) or ICSI (group B). Power analysis showed that to detect a 25% difference in the rate of high-quality embryos between the groups with a power of 0.8, at least 1,200 oocytes were needed in each group. Results One hundred seventy-seven patients were included in the study. Group A was comprised of 1,526 oocytes and group B of 1,480 sibling oocytes. As expected, the fertilization rate was significantly higher in group B than group A (67.1 vs. 43.6%, p < 0.001). No significant between-group differences were observed in cleavage rate (92.7 and 89.7%, respectively) and the rate of either grade A embryos (22.6 and 23.9%, respectively) or grade A 1 embryos (37.3 and 33.5%, respectively).
Introduction
The application of intracytoplasmic sperm injection (ICSI) is becoming more and more popular in assisted reproduction technology (ART) units throughout the world. ICSI is currently being used mostly for two indications: severe male-factor infertility and low fertilization rate in previous standard in vitro fertilization (IVF) treatments. However, the high success rate achieved by ICSI has raised suggestions that it may be performed in all IVF cases [1] [2] [3] . At the same time, the lack of natural selection of sperm and the circumvention of most of the known fertilization stages have led to concerns regarding embryo quality and pregnancy outcome.
It is well known that embryo quality is an important factor affecting pregnancy potential [4] . In a previous retrospective case-control study, we reported that embryos obtained after ICSI are inferior to those obtained after standard IVF in terms of both morphology and the likelihood of achieving clinical pregnancy [5] . Similar results were demonstrated by Hsu et al. [6] and Frattarelli et al. [7] . Others, however, found embryo quality to be comparable between the two methods [3, [8] [9] [10] [11] [12] [13] , or even superior in ICSI [2, 14, 15] .
It remains unclear if ICSI affects embryo quality. The aim of the present study was to compare the quality of embryos derived from sibling oocytes by IVF or ICSI.
Material and methods
All consecutive women attending our ART unit between February 1997 and December 2000 were considered for the study. Inclusion criteria were either less than 40% fertilization rate in a previous standard IVF cycle or relative malefactor infertility (5 to 10 million total motile sperm in the ejaculate before processing or less than 5 million total motile sperm in the ejaculate on the day of ovum pick up in a couple with above 5 million total motile sperm in the ejaculate in the previous semen sample and normal fertilization rates in a previous conventional IVF cycle), both with at least ten oocytes retrieved per cycle. The ovarian stimulation protocol, ultrasound and hormonal surveillance methods, timing of hCG administration, oocyte retrieval technique, sperm processing and embryo culture methods have been detailed elsewhere [5] , as has our laboratory technique for the two ART modes [5] .
The oocytes retrieved from each patient were collected into the center of a four well dish which contained medium, and then divided evenly into two (if up to 20 oocytes) or four wells (if more than 20 oocytes). Embryos were divided into two groups by allotting the oocytes from the first well (and, if more than 20 oocytes, the third well) to conventional insemination (group A) or ICSI (group B) in alternating order. Fertilization was confirmed by observation of two pronuclei 18 to 19 h after IVF insemination or ICSI. Total fertilization rate (per group) was calculated as the total number of zygotes divided by the total number of oocytes. Mean fertilization rate was determined by calculating the fertilization rate for each treatment cycle separately and averaging these results. Cleavage rate was calculated as the number of transferable embryos divided by the number of zygotes. Embryo morphology was graded before embryo transfer: embryos with equal-sized blastomeres, ideal cleavage rate (four cells on day 2 or eight cells on day 3) and ≤10% fragmentation were defined as grade A; similar embryos but with ≤20% fragmentation were defined as grade A 1 . The rate of grade A or grade A 1 embryos was derived from the total number of zygotes. The fertilization rate, cleavage rate and rate of high-quality embryos (grade A and grade A 1 ) were compared between the groups. Each patient served as her own control.
Power analysis showed that to detect a 25% difference in the rate of high quality (grade A) embryos between the groups with a power of 0. 8 Group A was comprised of 1,526 oocytes and group B of 1,480 sibling oocytes. The fertilization rates are shown in Table 1 . In group A, 624 of the 1,526 oocytes (40.9%) were fertilized. Mean (±SD) fertilization rate per cycle was 43.6± 30.8%. Of the 1,480 oocytes assigned to group B, 1,170 (79%) attained metaphase II and were injected with sperm; of these, 772 were fertilized. The overall fertilization rate per injected oocyte was 66% (772/1,170). On the basis of the number of oocytes assigned to ICSI, the overall fertilization rate was 52.2% (772/1,480). The mean fertilization rate per cycle was 67.1±24.8% per injected oocyte and 54±23.6% per retrieved oocyte. There was a statistically significant difference in the overall number of oocytes fertilized between ICSI and IVF (772/ 1,480 vs. 624/1,526, respectively, p<0.001). Furthermore, the mean fertilization rate was significantly higher per ICSI than per IVF cycle (54 vs. 43.6%, respectively, p<0.0001).
Complete fertilization failure was observed in 27 patients after conventional IVF and in five patients after ICSI (15.2 vs. 2.8%, respectively, p<0.001).
The cleavage rate and the rate of high-quality embryos are shown in Table 2 . There was no significant difference between the IVF and ICSI groups in cleavage rate (92.7±21.3 and 89.7±26.5%, respectively); or in the rates of grade A embryos (22.6±30.0 and 23.9±30.0%, respectively) or grade A 1 embryos (37.3±43.4 and 33.5±39.1%, respectively).
For further analysis, the groups were further subdivided by reason for treatment into cycles with relative male factor infertility (n=36) and cycles with low fertilization rate in a previous standard IVF cycle (n=141). The results are summarized in Table 3 . Patient age was similar in the two groups (32.3±5.4 and 31.8±5.2 years, respectively). As expected, there was a significant difference in the husbands' sperm characteristics between the two groups with mean total motile sperm in the ejaculate 5.1±2.5×10 6 vs. 54.3±64.7×10 6 , respectively (p<0.001). No significant differences were found between the IVF procedures in the two groups in terms of fertilization rate, cleavage rate and rate of grade A or grade A 1 embryos. This was also true for the ICSI procedures.
Within the subgroup of cycles with low fertilization rate in a previous standard IVF cycle (n=141), the comparison between IVF and ICSI yielded similar results to those for the whole study group. There was a statistically significant difference between the procedures in overall number of oocytes fertilized (603/1,148 vs. 509/1,199 per ICSI and IVF cycles, respectively, p<0.0001); and mean fertilization rate (54.4 vs. 44.2%, respectively, p<0.001). Complete fertilization failure was observed in 22 patients after conventional IVF and in two patients after ICSI (15.6 vs. Analysis of the cycles with relative male-factor infertility (n=36) yielded somewhat different results. There was a statistically significant difference in the overall number of oocytes fertilized with ICSI than with IVF (169/332 vs. 115/327, respectively, p<0.0001), but not in the mean fertilization rate per assigned oocyte (52.2 and 41.4%, respectively). The latter finding may be attributed to the small sample size. Complete fertilization failure was observed in five patients after conventional IVF and in three patients after ICSI (13.9 and 8.3%, respectively). Again, the difference was not statistically significant. The cleavage rate was similar in the IVF and ICSI groups (90.0± 30.8 and 90.6±25.9%, respectively), as was the rate of grade A embryos (29.4±36.9 and 26.7±33.0%, respectively). However, the rate of grade A 1 embryos was significantly higher in the IVF group (46.4±45.4 vs. 29.0±34.0%, respectively, p=0.02).
The best quality embryos were selected for transfer independent of the insemination procedure. Embryo transfer was performed in 176 cycles, resulting in 53 clinical pregnancies (30.1% per embryo transfer).
Because transfers included both IVF-and ICSI-derived embryos, no assessment of the relationship between the treatment procedure and pregnancy rate could be made.
Discussion
By using sibling oocytes where each patient serves as her own control, we were able to control for confounding factors that are inherent to other study designs and to more accurately compare IVF and ICSI embryos. The strength of this study lies in the comparison of the rate of high-quality embryos per couple between IVF and ICSI, which was performed in only one previous sibling oocyte study in the literature [9] . The results demonstrated no significant differences between the IVF and ICSI groups (for the whole study sample) in the rate of high-quality embryos (grade A or grade A 1 ). Thus, after controlling for possible paternal and maternal effects, we demonstrated that embryo quality does not seem to be influenced by the mode of fertilization (IVF or ICSI). This finding confirms the assumptions raised by others [3, [8] [9] [10] [11] [12] [13] . We conclude that embryo quality depends on intrinsic factors of the gametes involved rather than on the fertilization process per se.
It should be noted, however, that in the subgroup of couples with relative male-factor infertility, the rate of grade A 1 embryos was significantly higher in the IVF than Grade A embryos: embryos with equal-sized blastomeres, ideal cleavage rate (four cells on day 2 or eight cells on day 3) and ≤10% fragmentation. Grade A 1 embryos: similar embryos but with ≤20% fragmentation the ICSI group. The main factor characterizing this subgroup was poor semen quality (average total motile sperm in the ejaculate was 5.1±2.5×10 6 ), so that the negative influence on embryo quality may be attributed to the poor quality of the spermatozoa injected by ICSI. When fertilization occurs in IVF, there is still a natural selection of sperm, even if from a smaller, less qualitative cohort. In the ICSI procedure, there is no such selection, and "forced fertilization" can be achieved using spermatozoa that might never have attained natural fertilization. It has been shown that spermatozoa from infertile men have higher rates of defects such as DNA damage [16, 17] and aneuploidy [18] [19] [20] , which are likely to have an adverse effect on embryo development [21] and thereby decrease embryo quality. These findings were not true for grade A embryos, probably due to the small sample size. These results also support our conclusion that embryo morphology is probably influenced by intrinsic gamete (sperm in this case) factors and not by the mode of fertilization.
In a recent study using sibling oocytes from 35 couples with non-male-factor infertility, Khamsi and colleagues [15] demonstrated increased formation of good-quality embryos per retrieved oocyte after ICSI than after conventional IVF (64.4 vs. 47.1%, respectively). However, there was no significant difference in the formation of good-quality embryos per fertilized oocyte. These findings indicate that ICSI does not improve or diminish the formation of good embryos; rather, the difference between IVF and ICSI in good embryoformation per oocyte was related to the better fertilization rate obtained with ICSI [15] . Yang et al [14] found that more grade A embryos were obtained by ICSI than by conventional IVF performed on sibling oocytes. However, their study group was comprised of only 13 couples.
The major advantage of performing ICSI is that cases complicated by total fertilization failure can almost be eliminated. Several studies have attempted to demonstrate the superiority of ICSI over IVF based on total fertilization failure rates. Aboulghar and his colleagues [22] performed a study on sibling oocytes of 22 patients with unexplained infertility and 24 patients with borderline semen. They found a clear benefit of ICSI over IVF in both groups (total fertilization failure in 22.7 and 45.8% for IVF vs. 0 and 0 for ICSI, respectively). Ruiz and his colleagues [8] in a controlled study of 70 couples with unexplained infertility or mild endometriosis, again, demonstrated an advantage of ICSI over IVF (failed fertilization rates of 0 vs. 11.4%, respectively). Verheyen and his colleagues demonstrated similar results in 20 couples with relative male factor infertility (failed fertilization rates of 0 vs. 50%) [11] . Piskara et al. [9] , Staessen et al. [10] and Khamsi et al. [15] demonstrated a similar trend towards lower rates of total fertilization failure in ICSI than IVF. Reported rates ranged between 10 to 27.8% for IVF vs. 0-5.5% for ICSI. In the current study, which is the largest to date, the rate of complete fertilization failure was 15.2% after conventional IVF (27 of 177 patients) and 2.8% after ICSI (5 of 177 patients). Since this difference was found to be highly significant (p<0.001) it confirms the advantage of the ICSI procedure in minimizing the risk for cycle cancellation due to total fertilization failure. Unexplained lack of fertilization is a known phenomenon in IVF. Some authors suggest that it does not tend to recur in subsequent cycles [23] [24] [25] [26] . According to these authors total fertilization failure in these cycles may be explained by non-repetitive factors such as treatmentrelated inadequate ovarian stimulation producing fewer good oocytes or temporarily inadequate laboratory conditions. However, other studies demonstrate that total fertilization failure in IVF is a repetitive phenomenon indicating a possible underlying, undiagnosed sperm or oocyte pathology [27, 28] . In order to avoid cases of total fertilization failure, a combination between IVF and ICSI on sibling oocytes has been advised in the literature.
Nevertheless, this application has some disadvantages. They include higher costs, more technical difficulties, unavailability of the technique in some centers and performing an unnecessary invasive technique in some cases. Moreover, since the ICSI procedure itself is more invasive questions regarding safety issues have been raised. Several studies have demonstrated that there is no increase in the incidence of congenital anomalies in children born after ICSI compared with standard IVF or with the general population [29] [30] [31] [32] [33] [34] [35] [36] . However, others showed that infants born after ICSI might indeed have an excess of major birth defects [37] [38] [39] and an increased incidence of chromosomal abnormalities [31, 35] . It is possible that the increases in congenital abnormalities observed in some ICSI children, such as hypospadias or sex chromosome abnormalities, are due to factors related to paternal infertility and the use of suboptimal male gametes. It is also possible that the technique itself plays a role. Furthermore, the long-term outcome of the ICSI procedure in terms of development and transfer of genetic disorders is still unknown.
The limitation of the study is its limited power, designed to detect only a 25% difference in the rate of high quality (grade A) embryos between the two methods of fertilization. Still, this is the largest study to date. Moreover, according to the mean number of oocytes retrieved per patient and the mean fertilization and cleavage rates the study has sufficient power to detect a difference of at least one embryo between the two groups. A lesser difference would not be of clinical importance.
In conclusion, embryo quality does not seem to be influenced by the mode of fertilization (IVF or ICSI). We suggest that embryo quality depends on intrinsic factors of the gametes involved rather than on the fertilization process per se. Conventional IVF should be the option of choice for every couple requiring ART treatments, to avoid the disadvantages of ICSI. It may be concluded that it is not justified to perform ICSI for all couples requiring in vitro conception. A possible strategy might be to perform a diagnostic comparison between conventional IVF and ICSI in all first treatment cycles. This would be especially beneficial in preventing total fertilization failure in unexplained and relative male factor infertility cases.
